Despite their preclinical promise, few recombinant growth factors have been fully developed into effective therapies, in part, due to the short interval of therapeutic activity after administration. To address this problem, we developed nanoscale polymer conjugates for multivalent presentation of therapeutic proteins that enhance the activation of targeted cellular responses. As an example of this technology, we conjugated multiple Sonic hedgehog (Shh) proteins onto individual hyaluronic acid biopolymers to generate multivalent protein clusters at defined ratios (i.e., valencies) that yield enhanced Shh pathway activation at equivalent concentrations relative to unconjugated Shh. In this study, we investigated whether these multivalent conjugates (mvShh) could be used to improve the therapeutic function of Shh. We found that a single treatment with mvShh significantly accelerated the closure of full-thickness wounds in diabetic (db/db) mice compared to either an equivalent dose of unconjugated Shh or the vehicle control. Furthermore, we identified specific indicators of wound healing in fibroblasts and endothelial cells (i.e., transcriptional activation and cell migration) that were activated by mvShh in vitro and at concentrations approximately an order of magnitude lower than the unconjugated Shh. Taken together, our findings suggest that mvShh conjugates exhibit greater potency to activate the Shh pathway, and this multivalency advantage improves its therapeutic effect to accelerate wound closure in a diabetic animal model. Our strategy of multivalent protein presentation using nanoscale polymer conjugates has the potential to make a significant impact on the development of protein-based therapies by improving their in vivo performance.
Introduction
G rowth factors offer substantial promise for translation into therapies to promote neovascularization and functional regeneration in ischemic tissues damaged by injury and disease. 1 For decades, laboratory evidence has demonstrated their potent effects on cellular mechanisms of tissue regeneration, [2] [3] [4] yet to date, few growth factors have been effectively developed into drug or tissue engineering applications. 5, 6 Consistently cited as a limitation to their clinical use is rapid proteolysis and clearance of recombinant growth factors in vivo, resulting in an inadequate duration of therapeutic activity after administration. [7] [8] [9] For example, the development of vascular endothelial growth factor (VEGF) was halted in phase II clinical trials, despite its positive safety profile. 10 Due to the short half-life of VEGF (*30 min 11 ), this therapy required frequent administration to yield only a modest effect on neovascularization in injured tissues, 6 and it was deemed unsuitable as a cost-effective drug strategy. Similarly, platelet-derived growth factor (PDGF) is currently approved as a drug to accelerate wound healing, in part, by enhancing cell migration and matrix synthesis. 12 However, due to its even shorter half-life in vivo (<2 min 13 ), it must be administered at least daily to demonstrate efficacy, 14, 15 and therefore, PDGF therapy has not been widely adopted in standard wound management protocols for slowly healing wounds. [16] [17] [18] These examples suggest that lengthening the duration of their treatment effect would facilitate the development of new drug therapies based on these and other wellcharacterized angiogenic growth factors.
A variety of biomaterial and nanotechnology strategies have already demonstrated clinical relevance to improve the stability of recombinant growth factors after administration.
Encapsulation of proteins into hydrogels, nanoparticles, and micelles is effective to physically sequester them from proteolytic enzymes and can be used to control their release over time. 20, 21 A similar strategy uses long-chain polymers composed of polyethylene glycol (PEG) conjugated to the protein-based drug (i.e., PEGylation) to prevent deactivation by immune cells and proteolytic enzymes through steric inhibition. 22 An additional benefit to both of these methods is the ability to modulate the size of the resulting macromolecular entity, thereby enabling control over vascular permeability, tissue diffusion, and elimination routes for the therapeutic growth factor. Other techniques have also been developed to couple recombinant proteins with specific post-translational modifications (e.g., glycosylation 23 ) and protein domains (e.g., IgG-Fc 24 and albumin binding 25 ), which can improve their solubility and inhibit their systemic elimination. Each of these strategies offers specific advantages to improve protein stability in vivo, and the optimal method for a given application will likely depend on the structure of the growth factor, target tissue, and clinical administration requirements.
We have proposed a complementary mechanism to improve the duration of bioactivity for growth factors by increasing their potency. We have generated soluble nanoscale clusters of tethered proteins on single-chain biopolymers using methods that allow for stoichiometric control over the number of proteins on each biopolymer conjugate (i.e., valency). Multivalent presentation of a protein ligand can reduce the overall energy required for multiple ligand binding, as the entropic cost of the first bound ligand brings the conjugate close to the cell surface and generates a discount in entropy required for all subsequent binding events. 26, 27 Encouraging these multivalent interactions is equivalent to increasing the local effective concentration of the ligand at the cell surface, which becomes inversely related to the distance between two adjacent ligands along the polymer chain. 28 We have previously validated methods to effectively measure the valency of these nanoscale protein conjugates, 29 and we have demonstrated that multivalent conjugation of the growth factor Sonic hedgehog (Shh) to linear polymer chains of hyaluronic acid (HyA) yields increasing Shh-pathway activation with higher Shh valencies. 30, 31 Furthermore, multivalent Shh conjugates (mvShh) induced enhanced angiogenic function relative to an equivalent dose of unconjugated Shh. 30 Taken together, mvShh conjugates are capable of increasing the per-molecule bioactivity of Shh to elicit therapeutic cellular responses of Shh at lower tissue-level concentrations. Thus, more generally, we propose that although growth factors may be cleared from the target tissues, their therapeutic function can be achieved at lower tissue-level concentrations by employing multivalent conjugates.
In this study, we have extended our previous in vitro and in ovo findings by investigating how the bioactivity advantage of multivalent conjugation can improve the therapeutic function of Shh using a diabetic wound healing animal model. Each year, more than 10% of the 25 million Americans with diabetes suffer from a difficult-to-heal wound. 32 The diabetic wound healing etiology includes delayed activation of wound healing cells and poor neovascularization of the wound during the proliferative stage of healing. 33 Thus, poor quality tissue substrate is generated with insufficient vascularity for normal skin repair and remodeling, leading to slow or incomplete healing. The effect of Shh to enhance diabetic wound healing by promoting blood vessel formation and tissue regeneration has been previously characterized 34, 35 ; although typical of protein-based therapies, the translation of recombinant Shh as a clinical therapeutic has been limited by its short duration of bioactivity in vivo. 34 We hypothesized that multivalent presentation of Shh using mvShh would encourage more rapid healing of diabetic wounds relative to unconjugated Shh due to an enhanced ability to activating cell types that participate in revascularization of the wound bed. We used a murine diabetic mouse model to evaluate how multivalent presentation of Shh enhances its treatment effect on capillary density during early wound healing and on the rate of wound closure. Using in vitro assays, we also verified that mvShh activated mechanisms related to revascularization in wound healing cells at lower treatment concentrations relative to unconjugated Shh. This novel strategy of multivalent protein presentation using nanoscale polymer conjugates to improve the pharmacological performance of recombinant growth factors will be an important platform for developing additional protein-based drugs.
Results

Multivalent conjugate characterization
We synthesized mvShh using a previously described twostep conjugation protocol (Fig. 1A) . 30 In the first step, we used carbodiimide chemistry to substitute a maleimide reactive group at available carboxylic acids on the HyA biopolymer. In the second step, we combined the maleimide-activated HyA with a cysteine-tagged N-terminal fragment of Shh 36 at prescribed molar feed ratios for multivalent conjugation between the free thiol on the cysteine and maleimide groups on the HyA. By dialysis, we removed the unconjugated protein from the reaction solution and then measured the concentration of conjugated Shh using the bicinchoninic acid (BCA) assay.
We analyzed the mvShh conjugates using size exclusion chromatography (SEC) with continuous in-line monitoring of multiangle light scattering (MALS), differential refractive index (dn/dc), and ultraviolet light absorption (UV), as previously developed in our laboratory. 29 The relative molar mass of Shh protein conjugate increased with increasing ratios of Shh to HyA while maintaining constant HyA weight average molecular weight (Mw) (Fig. 1B) , which indicated that the increases in conjugate molar mass could be attributed to increasing Shh valency. Based on this analysis, we used the radius of gyration (Rg,z, see Table 1 ) to estimate the apparent conjugate radii in physiological solutions, which were in the range of 70-80 nm.
Overall, we observed high efficiency in the conjugation reaction of Shh to HyA. Approximately, 85% of the Shh reacted with the maleimide-activated HyA and remained in the product solution after dialysis. After the reaction, the Mw of HyA in the conjugates was *75% of its original value (Fig. 1C) . The decrease in the polymer size could be anticipated due to hydrolysis of the ester bond along the HyA backbone as a result of shearing the solution during synthesis, and the change in HyA Mw was consistent between reactions and independent of the conjugation ratio.
The Shh valency correlated linearly with the reaction feed concentrations over the range of conjugation ratios under consideration in this study (Fig. 1D) . We selected mvShh conjugates over a range of Shh valencies to further characterize their bioactivity with in vivo and in vitro assays.
Assessment of nanoscale polymer conjugates using a diabetic wound healing model
The application of proangiogenic agents do little to improve the already robust wound healing process that occurs in wild-type mice, 37 and thus, a diabetic wound healing model was used to compare the treatment efficacy of mvShh and unconjugated Shh. We generated full-thickness wounds 1 cm in diameter on the dorsal skin of db/db (BKS.CgDock7 m + / + Lepr db /J) mice. These mice have a C57 genetic background with a homozygous mutation on the leptin receptor gene, leading to hyperphagy, obesity, and chronic hyperglycemia similar to adult-onset diabetes mellitus type II, and typical blood glucose levels exceeding 350 mg/dL. Furthermore, the db/db mouse is a frequently used model of delayed and diabetic wound healing due to its wellcharacterized microvascular disease phenotype, 34, [38] [39] [40] [41] [42] [43] which includes delayed cellular wound infiltration, reduced angiogenesis, and altered immune function. 44 The aggregate effect of these diabetes-associated impairments includes delayed wound contraction, [41] [42] [43] [44] and the average time to complete wound closure in an unsplinted wound is *50-70% longer in the db/db mice compared to wild-type controls. [41] [42] [43] [44] The wounds (n = 10) were treated with vehicle control (1% w/v dehydrated methylcellulose [MC]), unconjugated Shh (4.9 mg per wound), or mvShh (4.9 mg Shh per wound and presented with 16:1 valency).
As expected, a fibrin clot formed on all of the wounds within 24 h after the initial surgery, and the initial average wound was 99.25 -17.2 mm 2 . There was no evidence of infection in any of the mice ( Fig. 2A, inset) . By day 3, the wounds did not demonstrate any substantial decrease in wound area and there were no significant differences in the size of the wounds between treatment groups ( Fig. 2A) . However, after 7 days, the wounds treated with mvShh were significantly smaller than wounds treated either unconjugated Shh or the vehicle controls. The significant reduction in wound area was most evident at day 10 when the wounds treated with mvShh (30.8 -7.5 mm 2 ) were approximately half the size of those treated with unconjugated Shh (54.1 -14.3 mm 2 ), and this improvement persisted through day 17. The mvShh treatment group had an average time to wound closure that was 6.9 days shorter than the vehicle controls (Fig. 2B ). Thus, a single treatment of mvShh was effective in substantially improving wound healing that was impaired due to diabetic sequelae, and the treatment effect of mvShh exceeded that of the unconjugated Shh at an equivalent dose.
We assessed epidermal reepithelialization and remodeling of the dermal tissues at day 27 after wounding using histology (Fig. 2C) . In all of the groups, a well-defined epidermis extended across the entire wound. The epidermis of the wounds treated with vehicle controls contained multiple layers of hyperproliferative immature cells, which were FIG. 2. mvShh treatments decreased the time for wound closure. (A) Wounds treated with mvShh were significantly smaller than those treated with Shh or the vehicle control, which was initially detected at day 7 and persisted through day 17 (*p < 0.05 between mvShh and both Shh and control, analysis of variance [ANOVA] with n = 10). Inset image: A representative image of wounds on day 3 that demonstrates wound clotting and no sign of infection in db/db mice. Scale bar = 1 cm. (B) mvShh treatment resulted in significantly fewer days to wound closure compared to those treated with unconjugated Shh or vehicle controls. For comparison, the time to wound closure in historical wild-type controls is represented as a dashed line (*p < 0.05 and **p < 0.006, ANOVA with n = 10). (C) Tissues were harvested at day 27 after wounding. Representative wound cross sections were stained with hematoxylin and eosin to visualize dermal and epidermal thickness at the center of the wound and wound margin compared to the remote tissue for each treatment. Scale bar = 100 mm. Color images available online at www.liebertpub .com/tea substantially thicker than was observed in the remote skin tissue. By comparison, in both the mvShh and unconjugated Shh treatment groups, the epidermis had thinned to approximately three cell layers, although the width of these cells was still greater than in the remote tissue.
The dermal thicknesses of the wounds treated with the vehicle controls were substantially thicker than in the remote dermis, which is indicative of an active tissue remodeling process. 45 Likewise, the dermis of the wounds treated with unconjugated Shh was nearly as thick as the vehicle controls, suggesting that these wounds were at a similar stage of tissue remodeling. By contrast, the dermal tissue of wounds treated with mvShh appeared to be more mature than those treated with unconjugated Shh, as it had thinned substantially to resemble the remote tissue. Most of the tissue in these mvShhtreated specimens looked similar to the tissue at the wound margin and unwounded remote skin. Thus, the results of this experiment indicate that in addition to accelerating diabetic wound healing relative to unconjugated Shh or vehicles controls, treatment with mvShh conjugates yielded new tissues that more closely resembled unwounded skin.
To further investigate the effect of mvShh on cell function at early stages of wound healing (i.e., 4 and 7 days after wounding), we repeated the experiment using 0.5 cm diameter wounds (n = 6) treated with vehicle control, unconjugated Shh (1.2 mg per wound), or mvShh (1.2 mg Shh per wound and presented with 16:1 valency). While the 1 cm wounds were necessary to make reliable wound closure measurements, we refined to our surgical procedure in this experiment to use smaller wounds, as the 0.5 cm size was sufficient to observe the wound in cross section by histology.
We observed wound tissues on days 4 and 7, which corresponded with the initial significant differences in the wound-healing rate between mvShh and unconjugated Shh. 3A , B). These observations followed a similar trend as our wound measurements from the previous experiment, although the effect sizes were not as great owing to the smaller initial wound sizes.
The histological sections at these earlier time points further corroborated the onset of the mvShh treatment effect (Fig. 3C ). After 4 days and regardless of the treatment, the epithelial keratinocytes of the epidermis exhibited a cuboidal proliferative morphology, and the dermis was filled with rounded cells, indicating a proliferative and potentially inflamed tissue environment. After 7 days, the epidermal and dermal layers of wounds treated with the vehicle controls appeared similar to those at day 4, suggesting that the wounds had remained at an equivalent phase of wound healing over this period. Similar results were observed in the wounds treated with unconjugated Shh. By comparison, the epidermis of the wounds treated with mvShh appeared thinner and lacking hyperproliferative keratinocytes by day 7. The dermal layer of wounds treated with mvShh also appeared thinner, indicative of progression into the remodeling phase of wound healing. To better assess the effect of multivalent Shh presentation on early cellular benchmarks of wound healing, we treated fibroblasts and endothelial cells (ECs) with mvShh and unconjugated Shh in vitro. Shh induces angiogenic growth factor expression by fibroblasts (e.g., VEGFs and angiopoietins 46 ) downstream of the canonical Shh signaling pathway, which is mediated by the transcriptional factor Gli1. 47 To measure the transcriptional activity of Gli factors, we used ShhLight II reporter cells, which express firefly luciferase (fLuc) under the control of the Gli transcriptional response element in an NIH/3T3 fibroblast background. 48 They also express renilla luciferase (rLuc), constitutively, Using this assay system, we determined that the cellular response to mvShh was concentration and valency dependent (Fig. 4A) . That is, the magnitude of the transcriptional response at a given treatment concentration of Shh was greater for mvShh conjugates with higher valency. Furthermore, the minimum treatment concentration required to initiate a cellular response was lower for conjugates with higher valency, as the advantage of multiple Shh ligand presentation enhanced the overall conjugate bioactivity. These findings indicate a valency-dependent effect on canonical Shh pathway activation, which is a necessary step in Shh-induced angiogenic function.
To verify the onset of Shh treatment-induced Gli transcriptional activity in cells occupying the wound bed, we stained for Gli1+ cells in the wound tissue specimens using immunohistochemistry (Fig. 4B) . Four days after the treatment, Gli1 expressing cells were not readily apparent in the control wounds. However, cells staining positive for Gli1 were present in the wounds from both treatment groups. Thus, any effects of multivalent growth factor presentation to increase the potency of mvShh would also likely contribute to enhanced wound healing through mechanisms that are mediated by Shh-induced signaling in vivo.
In addition to canonical Gli signaling, in many cell types, including ECs, the response to Shh is apparently mediated through a nontranscriptional signaling pathway that enhances cytoskeletal motility. [50] [51] [52] As a result, the proangiogenic effects of Shh treatment on ECs are typically observed as an increase in their migration, invasion, and tubule formation rates.
We measured the effect of multivalent Shh presentation on C166 murine EC migration using the modified Boyden chamber assay. The number of cells moving across a membrane with 8 mm pores toward Shh or mvShh was dependent on Shh concentration (Fig. 5A ), and at 10 nM Shh, *50% more cells migrated toward the basal chamber when treated with mvShh compared to the unconjugated Shh. The effect of Shh valency was evident for cells moving across a membrane with 3 mm pores (Fig. 5B) . The smaller pore size provided greater resistance to cell movement across the membrane, and negligible cell migration occurred in the absence of Shh treatments. In response to an equimolar concentration of 10 nM Shh, the number of migrating cells increased 2-4 times for mvShh relative to the unconjugated Shh and the number of migrating cells also correlated linearly with the Shh valency of the conjugates used in the treatment. These findings further indicate that mvShh conjugates provide valency-dependent enhancement on key Shh-induced functions of ECs that are associated with wound healing.
Finally, we measured the effect of the mvShh treatments directly on wound revascularization using immunohistochemistry to quantify clusters of cells expressing CD31, a cell surface marker for ECs, and to assess the formation of neovascular structures in the wound tissues (Fig. 5C ). We found statistical differences in neovascular density between all treatment groups at days 4 and 7 (Fig. 5D ). While Shh treatment was sufficient to increase the neovascular density of the wound by day 4, twice as many neovascular structures had formed in the mvShh treatment group compared to unconjugated Shh. The increase in vascular density was likely due, at least in part, to higher migration rate of ECs in response treatment with the mvShh conjugate. Furthermore, the increase in wound vascularization after mvShh treatment was sustained through day 7, providing further evidence that a single treatment of mvShh was sufficient to enhance diabetic wound healing that was prolonged relative to equivalent dose of unconjugated Shh.
Discussion
The in vivo concentration of exogenously administered proteins must remain above the therapeutic threshold to impart a treatment effect. In contrast to various proposed methods that focus on improving the in vivo stability of proteins, we have developed nanoscale polymer conjugates to enable multivalent protein presentation that enhances their potency, thereby lowering the concentration required to activate the target cells. In this study, we have used this strategy to generate multivalent conjugates of Shh to lower the tissue-level protein concentration that would encourage a wound healing response.
We validated our overall hypothesis that diabetic wounds treated with mvShh would heal more rapidly compared to those treated with unconjugated Shh due to its advantage in activating cell types that participate in wound revascularization. We found that wounds treated with vehicle controls required 24.8 -3.4 days to heal and unconjugated Shh reduced the healing time by only 3.6 -1.9 days. By contrast, administration of the mvShh conjugates nearly doubled the treatment effect by reducing the time to wound closure by 6.9 -1.3 days. The mvShh treatments activated important mechanisms related to wound healing angiogenesis in fibroblasts and ECs at in vitro concentrations approximately an order of magnitude lower than the unconjugated Shh. We also observed evidence of Shh-induced cellular activation that was sustained for as many as 4 days after wound treatment with mvShh in vivo. Finally, the density of neovascular structures identified on the basis of CD31+ cells was approximately two times higher than in those treated with unconjugated Shh and approximately three times higher than in those treated with vehicle controls. Taken together, our findings suggest that mvShh is capable of activating Shh pathways at lower concentrations of Shh, and thus, the increased potency generated by multivalent presentation of Shh contributes to an enhanced therapeutic effect for mvShh to accelerate diabetic wound healing.
Multivalent interactions have been observed widely in various biological systems as a means of improving the affinity and specificity of receptor/ligand binding. [53] [54] [55] Work on these interactions has primarily focused on the multivalent receptors that govern the specificity of virus and bacterial identification of host cells, and several studies have taken advantage of this multivalent receptor presentation as a strategy to develop antiviral drugs and inhibitors of bacterial toxins. [56] [57] [58] [59] Similar cell-cell interactions between eukaryotic cells, particularly those of the immune system, are enhanced by multivalent antigen presentation to improve the specificity of cell recognition. 60, 61 A robust theoretical understanding of these interactions has been developed based on first principles of physical chemistry, polymer mechanics, and biology. 53, 62 Mathematical models for this interaction have demonstrated that as ligand valency increases, the entropic barrier for receptor binding decreases with each subsequently bound ligand, and thus, multivalent ligand avidity increases with the ligand valency. 26, 27 These models have been expanded beyond cell adhesion and identity ligands to predict the effect of multivalent growth factors on cellular bioactivity. We have previously reported a numerical solution for mvShh conjugate properties that predict conjugate avidity and Shh pathway activation as a function of Shh valency. 30 Our findings, presented here ( Fig.  4A) and previously, 30 were consistent with other studies showing that increasing ligand valency is equivalent to increasing the local effective ligand concentration at the cell surface, which is inversely related to the distance between The number of cells migrating through the pores after treatment with an equimolar dose (10 mM) of unconjugated Shh is represented as a dashed line. (C) Endothelial migration into the wounds at days 4 and 7 was detected using immunohistochemistry to label the CD31+ cells (arrows indicate representative structures). Scale bar = 100 mm (D) Quantification of neovascular structures (i.e., cell clusters containing two or more CD31+ cells). Wounds treated with mvShh contained significantly higher numbers of neovascular structures compared to those treated with unconjugated Shh or vehicle controls at both time points (groups that do not share a, b, c, or d: p < 0.05, oneway ANOVA with Tukey post hoc and n = 4). Color images available online at www.liebertpub.com/tea two adjacent ligands. 28 Other recent studies have also demonstrated that multivalent presentation of peptide and protein ligands is sufficient to induce enhanced cellular bioactivity relative to an unconjugated monovalent control. [63] [64] [65] In a particularly noteworthy study, multivalent conjugates of ephrin-B2-HyA, synthesized using the conjugation protocol described here, demonstrated enhanced differentiation of neural progenitor cells in vitro and in vivo. 66 In addition, the authors reported that clustering of ephrin-B2 receptors on the cell surface and the downstream pathway activity were correlated directly with ephrin-B2 valency, thereby providing further evidence that the multivalent presentation of protein ligands was sufficient to enhance the activation of their cellular targets.
The wound healing mechanisms of Shh are well characterized and demonstrate how our strategy of multivalent conjugation could be used to enhance the therapeutic effect of an exogenously delivered growth factor. Shh is an important growth and differentiation factor that is required for normal wound healing, 67 and it is produced endogenously as a heparin-bound oligomer to improve its extracellular stability and control over its tissue distribution. 68 Endogenous Shh is a downstream target of hypoxia-induced factor-1a 46 and it promotes adaptive neovascularization in the setting of pathologic tissue ischemia. 69 After exposure to Shh, resident mesenchymal cells regulate a variety of genes with distinct angiogenic functions, 46 including multiple isoforms of VEGF, which promote blood vessel formation, and angiopoietins, which promote vessel branching, stability, and maturity. 70 By a mechanism that appears to involve noncanonical Rho signaling rather than canonical Gli-mediated signaling, Shh also directly stimulates ECs to migrate into the wound bed 52 and encourages their differentiation into tubules. [50] [51] [52] However, the half-life of recombinant Shh in vivo is short (<1 h), and the concentration of exogenous Shh diminishes rapidly due to various proteolytic mechanisms. 71 By contrast, as the normal course of treatment, diabetic and slowly healing wounds are treated by standard wound management, which calls for serial debridement and dressing the wounds every 4-7 days. 72, 73 Any adjunctive therapies must, therefore, be capable of maintaining their therapeutic activity over multiple days, since the wound dressings should not be removed between clinical visits. 74 Multivalent conjugation of Shh is a novel strategy to improve its therapeutic activity on target cells within the tissue by increasing its potency. Furthermore, as Shh is cleared from the target tissues over time, multivalent conjugation can enable its angiogenic bioactivity at lower tissue-level concentrations relative to unconjugated Shh. Our findings suggest that this effect of multivalent conjugation contributed to accelerated wound healing after treatment with mvShh.
In vivo, conjugation of Shh to HyA also likely contributes to the prolonged bioactivity and overall efficacy of mvShh by resisting the endogenous clearance mechanisms. We have measured the radius of gyration (Rg,z) of mvShh by SEC-MALS to be *70-80 nm in a physiological environment, which is within a range of macromolecular sizes (50-150 nm) that allows movement through the extracellular matrix, but is too large to easily exit the tissue through the circulatory or lymphatic vasculature. [75] [76] [77] Conjugation to large macromolecules may also prevent extracellular proteolytic enzymes from accessing Shh, 71, 78 thereby increasing the duration of Shh activity in vivo. There are also examples from the literature where multivalent conjugation to HyA has been shown to maintain an effective serum concentration of protein-based drugs after systemic administration, 79, 80 yielding an improvement in their pharmacokinetics that was comparable to PEGyation. 81 By contrast, in this study, we applied the mvShh treatments locally and were unable to separate the multivalency advantage from any other in vivo advantages of conjugation to a long-chain biopolymer.
HyA alone has also been used previously to improve the rate of wound healing, but its efficacy was demonstrated only for doses approximately three orders of magnitude higher than the HyA component of the mvShh treatments used in this study and only when delivered twice daily. 82, 83 By contrast, the mvShh provided a therapeutic effect after a single treatment over the 27-day duration of wound healing. Thus, the treatment effect observed in the mvShh group is due to the multivalent conjugation of Shh to HyA, and based on our in vitro results, we expect that the bioactivity advantage of mvShh complements any improvement in protein stability associated with conjugation to a long-chain biopolymer.
Conclusions
The use of nanoscale polymer conjugates for multivalent presentation of Shh can significantly enhance the therapeutic efficacy to accelerate wound healing compared to an equivalent concentration of unconjugated Shh. We have demonstrated that multivalent conjugation enhances the potency and therapeutic performance of Shh. Specifically, both Shh-induced transcription and cell migration were activated at lower treatment concentrations of mvShh compared to unconjugated Shh. While the size of the biopolymer conjugates may have had some effect to improve their pharmacokinetics, our findings suggest that the increase in mvShh potency due to multivalent conjugation would also lower the tissue-level concentration required for pathway activation relative to unconjugated Shh. Thus, our method of multivalent conjugation contributed to enhanced therapeutic activity after administration of mvShh in the wound tissue.
It is noteworthy that this novel application of multivalent ligand presentation can be used as a complementary technology with other methods of maintaining an effective therapeutic concentration, such as microencapsulation, in situ forming hydrogels, or devices for controlled drug delivery. The multivalent conjugate strategy is also applicable to a wide range of other protein-based drugs that activate their cellular targets through membrane-bound receptors. Therefore, the adoption of multivalent conjugation has the potential to make a significant impact on the development of protein-based therapies by improving their in vivo performance.
Methods
Multivalent Shh-HyA conjugate synthesis
We prepared mvShh following a method described previously. 30 Briefly, HyA (Mw *860 kDa) was dissolved in 2-(N-morpholino)ethanesulfonic acid buffer (0.1 M, pH 6.5) at 3 mg/mL overnight by gentle stirring. Ten milligram/milliliter ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCl, 0.3 mg/mL sulfo-NHS, and 1.2 mg/mL maleimidocaproic acid hydrazide were added to the solution and allowed to react for 4 h at 4°C to substitute maleimide reactive groups onto the HyA using a carbodiimide reaction. Samples were dialyzed with 50 kDa MWCO membrane against a phosphate-buffered saline (PBS) buffer (930 mg/L ethylenediaminetetraacetic acid and 10% glycerol in Dulbecco's PBS) once for 4 h and once for 24 h at 4°C. Final concentration of HyA was determined through SEC-MALS. Activated HyA-maleimide was then stored at -20°C for future use. Recombinant Nterminal Shh fragment with an C-terminal cysteine residue was synthesized using an Escherichia coli expression system in the QB3 Macrolab (UC Berkeley) using an expression plasmid described previously. 36 Shh-cys was reacted with maleimide-activated HyA in a PBS solution using defined stoichiometric feed ratios at 4°C overnight. The mvShh solution was then dialyzed with 100 kDa MWCO against a PBS buffer once for 4 h and once for 24 h at 4°C. Shh protein conjugation for each mvShh conjugate was measured using the BCA assay (Thermo). Shh valency was measured using SEC with MALS paired with an in-line differential refractometer and ultraviolet spectrometer (SEC-MALS-RI-UV), as described previously. 29 The total molecular mass distribution of the conjugates was determined based on the distribution of light scattering and dn/dc. Then, based on the known dn/dc and UV extinction coefficients (e ex ) for HyA and Shh, we could solve for total dn/dc and UV absorption to determine the Shh and HyA mass fractions over the distribution of total molecular weights. We calculated the Shh valency per HyA macromolecule and final HyA molecular weight based on these mass fractions (Table 1) .
Diabetic wound healing model in vivo
The IACUC at UCSF approved all animal procedures used in this study. Eight-week-old BKS.Cg-Dock7 m + / + Lepr db /J mice ( Jackson Laboratory) were obtained and quarantined for 1 week. Chronic nonfasting hyperglycemia (>350 mg/dL) was verified using a commercial blood glucose monitor, and the animals were randomized into three treatment groups on the basis of blood glucose concentration. The mice were anesthetized with 2.5% isoflurane in oxygen, the dorsum was shaved and sterilized, and then a circle of skin tissue, either 0.5 or 1.0 cm in diameter, was excised from the dorsum to make a full-thickness excisional wound. One of three treatments was applied to each wound through a disk of 1% (w/v) dehydrated methylcellulose (MC) (Sigma Aldrich): mvShh, unconjugated Shh or vehicle saline. Shh (6.25 mg/cm 2 ) was the treatment dose for both the mvShh and unconjugated treatments. The MC disks were placed directly onto the open wound covering the entire wound. Wound areas were subsequently imaged and measured every 3-4 days by tracing the wounds and calculating the pixel area of each trace with image analysis using ImageJ. Mice were sacrificed at the specified time points by CO 2 asphyxiation.
Histology and immunohistochemistry
Following sacrifice, we performed a bilateral thoracotomy to expose the heart to exsanguinate the carcass with PBS.
Square tissue samples *1.5 cm on each side and centered on the wound were excised and cut in half through the diameter of the wound. One half of each wound was fixed in 4% paraformaldehyde, dehydrated, and embedded in paraffin and the other half was embedded with OCT and immediately frozen. The specimens were then sectioned perpendicular to the wound surface at 10 mm intervals and transferred to slides to visualize wound cross sections through the diameter of the wound. At least one slide from each wound was stained with hematoxylin and eosin. We also used the following antibodies for immunohistochemistry: rat anti-mouse CD31 (BD Biosciences) with biotinylated anti-rat IgG and VECTASTAIN Elite ABC Reagent (Vectorlabs) on the paraffin embedded sections, and rabbit anti-mouse Gli1 (Thermo Scientific) with Alexa Fluor-647 conjugated goat anti-rabbit IgG (Invitrogen) on the cryosections. CD31+ cell quantification was performed using previously described methods. 84, 85 We imaged the stained cells in the tissue specimens at 20 · magnification, which was sufficient to view the full thickness of the epidermis, dermis, and granulation tissues for each specimen. Four nonoverlapping images were required to span the diameter of each wound specimen, and the average cell number per field was calculated for each specimen.
In vitro translational activation assay
ShhLight II cells ( Johns Hopkins University), a reporter cell line based on 3T3/NIH fibroblasts, were cultured in growth media (GM) containing high-glucose Dulbecco's PBS (DMEM) (Life Technologies) supplemented with 10% bovine calf serum (BCS; ATCC) and 1% penicillin/streptomycin (Life Technologies). Cells were passaged every 3-4 days and never allowed to reach >80% confluency. At the start of the assay, Shh Light II cells were cultured at 20,000 cells/cm 2 in GM, and after *3 days, confluent cell cultures were starved for 48 h in DMEM with 0.5% BCS. These media were then replaced by treatment media (DMEM supplemented with 0.5% BCS and mvShh or unconjugated Shh at various concentrations). After incubation for the prescribed time, cells were lysed and the luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega) and an IVIS 200 Optical In Vivo Imaging System (Xenogen).
EC migration and invasion assays
C166 ECs (ATCC) were cultured in GM containing highglucose DMEM (ATCC) supplemented with l-glutamine, 10% fetal bovine serum (FBS; Life Technologies), and 2 mg/mL G418 sulfate (Agilent), and these cells were passaged every 3-4 days. EC migration assays were performed using a modified Boyden chamber system with Fluoroblok inserts and either 8 or 3 mm pores (BD Falcon). C166 cells were starved for 48 h in GM containing 0.5% FBS and then seeded at 100,000 cells/mL on the apical side of the transwell insert. The basal chamber of the insert contained GM with 0.5% and mvShh or unconjugated Shh at various concentrations. After 7 h, the cells in the basal chamber were treated with calcein (Life Technologies) and imaged using a fluorescence microscope (Nikon Eclipse TE300). The number of cells that migrated across the membrane was quantified with ImageJ.
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Statistical analysis
The Shapiro-Wilk test for normality was applied to all data. Normally distributed data were represented as mean -standard deviation, and normally distributed treatment groups were compared using one-way analysis of variance with the Tukey post hoc analysis. Non-normally distributed data were represented using box plots with whiskers marking the minimum/maximum values, and non-normally distributed treatment groups were compared using Kruskal-Wallis tests with Dunn's post hoc analysis. For all tests, statistical significance was assigned to p < 0.05.
